Nuclear-spin diffusion in double quantum wells (QWs) is examined by using dynamic nuclear polarization (DNP) at a Landau level filling factor ν = 2/3 spin phase transition (SPT). The longitudinal resistance increases during the DNP of one of the two QW (the polarization QW) by means of a large applied current and starts to decrease just after the termination of the DNP.
I. INTRODUCTION
The spin degree of freedom has attracted enormous interest from the perspective of quantum computation based on nuclear spins [1] [2] [3] and electron spins [4] [5] [6] [7] [8] . Fluctuation of nuclear polarization is an important issue concerning nuclear-spin-based coherent systems. It also influences electron-spin-based systems because of hyperfine interaction between electron spins and nuclear spins. It is therefore important to elucidate the relaxation of nuclear spins, particularly, nuclear-spin diffusion caused by dipole-dipole interaction of nuclear spins in such solid-state systems.
Nuclear-spin diffusion has been studied by using optical detection [9] [10] [11] . It has also been studied electrically by using Hall bar devices [12] and double quantum dots [13] . In these reports, nuclear-spin diffusion is discussed isotropically or in a one-dimensional direction only. However, in reality, nuclear spins are polarized locally, and nuclear-spin diffusion is expected to occur anisotropically in nanoscale devices such as quantum Hall devices [14] , quantum point contacts [15, 16] , and double quantum dots [17] because of the existence of heterostructures and inhomogeneous electron distributions in the in-plane direction. However, anisotropic nuclear-spin diffusion has not been observed.
Recently, double quantum wells (QWs) have been used to measure nuclear-spin diffusion directly [18] [19] [20] . In double QWs, nuclear spins are polarized in one of the two QWs (namely, the gpolarization QWh), and the nuclear-spin polarization caused by diffusion from the polarization QW can be detected in the other QW (namely, the gdetection QWh). To polarize and detect nuclear spins in double QWs, hyperfine interaction at a Landau level filling factor ν = 2/3 spin phase transition (SPT) was used in the same manner as previous studies [21] [22] [23] [24] . By association with the SPT, an electron-spin polarized and unpolarized domain structure is formed [22] [23] [24] [25] [26] , and dynamic nuclear polarization (DNP) is achieved by applying a large current at ν = 2/3 SPT, where the electron-nuclear spin flip-flop process occurs around the domain walls. Then, variation of the longitudinal resistances of the QWs is used to detect the nuclear-spin polarization [22] [23] [24] [25] [26] . In such a manner, Nguyen et al. [20] obtained a nuclear-spin-diffusion coefficient of about 15nm 2 /s, which is consistent with the value measured optically for bulk GaAs [9] . In their study, the nuclear polarization inside the QWs after DNP is assumed to be homogeneous. However, it is clear from our previous studies that the DNP attributed to the domain structure cannot cause the homogeneous po-larization [27] . In spite of the advantage of an inhomogeneous nuclear-spin distribution in a study of anisotropic nuclear-spin diffusion, this advantage was ignored in Ref. [20] . Furthermore, in their experiment, it was difficult to avoid modifying the nuclear-spin diffusion by electrons existing in the QWs caused by an artifact arising from multi-measurement of the longitudinal resistance (see the Appendix A). It is thus important to avoid such an artifact in the measurement.
II. QUANTUM HALL EFFECT OF TWO QUANTUM WELLS
We use a Hall bar device fabricated from a wafer with a GaAs/Al 0.33 Ga 0.67 As double-QW heterostructure. The widths of the two QWs and the potential barrier are 20nm and 2.2nm, respectively [28] . The length (width) of the Hall bar is 100µm (30µm). The front and back gates were formed to tune the electron densities in the front and back QWs, respectively.
Although the ohmic contacts are common to both QWs, it is possible to independently measure the current flowing through the back or front QWs by tuning two gate voltages. [21] , can be seen. In Figs. 1(a) and (b) , the QHE of a single QW (without any effect arising from electrons in the other QW) can be seen. Therefore, the QHE of the back and front QWs is realized at V f g = −0.8 V and V bg = −1.2 V, respectively; that is, the front (back) QW is fully depleted at V f g = −0.8 V (V bg = −1.2 V). T.
When a large current flows through the QW at the SPT in the ν = 2/3, the longitudinal resistance increases gradually because of the hyperfine interaction with nuclear spins; the nuclear spins in the QW are polarized [21] [22] [23] [24] . In contrast, the value of the longitudinal resistance is almost constant for a small current, which means negligible nuclear polarization.
We confirmed that the nuclear spins were dynamically polarized at I = 50 nA and were not dynamically polarized at I = 1 nA in both QWs (not shown). Therefore, we apply I = 50 (1) nA to the QWs to polarize (detect) the nuclear spins. Fig.2(a) . First, the nuclear spins in the front and back QWs are initialized alternately; at ν = 0.9 and I = 50nA applied to the front (back) QW for 600s, nuclear spins in the front (back) QWs are depolarized because of the Goldstone mode of the Skyrmions [23, 24] , and then the back (front) QW is depleted. Subsequently, the nuclear spins in the back (front) QW are polarized dynamically for polarization time t p by applying I = 50nA at the SPT of the back (front) QW. The other QW is depleted during the nuclear polarization. To clarify the nuclear-spin diffusion specifically, R b xx was measured by following the measurement sequence shown in Fig.3(a) . First, the nuclear spins in the two QWs are initialized in the same manner as shown in Fig.2(a) . Subsequently, the nuclear spins in the back (front) QW are polarized for polarization time T p = 300s by applying I = 50nA [31] . The other QW is depleted during the polarization. Next, both QWs are depleted for depletion time t d . Fig.3(c) ) increase in spite of a lack of direct current-induced DNP in the back QW. It clearly continues to increase even after nuclear polarization in the front QW is terminated. This result indicates the nuclear-spin diffusion from the front to the back QWs more specifically [32] . R (Fig.3(c) ), in Fig.3(e) , R b xx turns to decrease after ∼ 2h. This is because the effect of the nuclear spin diffusion to the back QW becomes gradually weak after the termination of the DNP in the front QW. We will discuss, in more detail, the time evolution of R b xx by using the data in Fig. 4(c) , which is calculated from the experimental results in Figs. 3 (b) -(e), later. In both cases, R b xx does not decay fully, even at t d ∼ 24h.
III. MEASUREMENT OF NUCLEAR-SPIN DIFFUSION

IV. ESTIMATION OF NUCLEAR-SPIN DIFFUSION COEFFICIENTS
To discuss the details of the experimentally obtained results, the nuclear-spin-diffusion coefficient in the double QW is estimated from our data. We consider the data shown in Fig.4(a) is plotted here. The diffusion coefficient is calculated from the time evolution of R bav xx in Figs.4(a) and (b). For the polarization QW, because the DNP polarized nuclear spins distribute inhomogeneously in the in-plane direction, the nuclear-spin diffusion is expected to occur not only in the perpendicular but also in the in-plane directions. The nuclear-spin diffusion in the perpendicular direction is much slower than that in the in-plane direction because of the heterostructure as discussed later and expected in previous reports [10, 11] . Consequently, the time evolution of R bav xx is practically caused by the nuclear-spin diffusion in the in-plane direction. A relaxation time T R ≈ 460s is obtained by fitting the data in Fig.4(a) with an exponential relaxation function (the red solid line in Fig.4(a) ). Although the nuclear-spin distribution is inhomogeneous in the whole Hall bar system, it is assumed that the nuclearspin distribution becomes homogeneous over the domain-wall width, ∼ 4l [37] , after T R [38] because the DNP occurs around the domain walls. Here l is magnetic length. Accordingly, the diffusion coefficient in the in-plane direction, D i , is estimated to be (4l) 2 /T R ≈ 4nm 2 /s by using l ≈ 10 nm at B = 5.7T. This D i value is consistent with the previously reported value for bulk GaAs [9] .
For the detection QW, R bav xx is influenced by the nuclear-spin diffusion in the perpendicular direction for T d ≫ 460s because the nuclear-spin distribution is almost homogeneous around the domain walls due to the nuclear-spin diffusion in the in-plane direction [39] . The time evolution of R bav xx is therefore calculated as follows. Because nuclear spins are polarized by the contact hyperfine interaction, it is assumed that the distribution of the current-polarized nuclear spins in the front QW, p(z), is proportional to the square of the absolute value of the electron wave function confined in the front QW, ψ f (z):
where α is a constant, indicating nuclear polarization rate [16] . z is the vertical axis to the QWs. p(z) is used to obtain the time evolution of the distribution of the nuclear polarization at t, P (z, t) as
where D p is the diffusion coefficient in the perpendicular direction. The second term of the right side of the equation corresponds to the current-induced DNP per unit time, and θ(t) is a step function. The spin-lattice relaxation term is neglected because the spin-lattice relaxation time is extremely long, as shown in Figs.3(d) and (e). This approximation will be justified later. It is assumed that the variation of R bav xx is proportional to the integral of the product of the square of the absolute value of the electron wave function confined in the back QW, ψ b (z), and P (z, t) because the resistive detection of nuclear spins is also based on the contact hyperfine interaction [40] . Consequently, R bav xx (t) is calculated as
where A is a constant determined by α to fit experimental data, and R bav0 xx is the background value of R b xx [41] . R bav xx calculated with D p = 0.01, 0.07, and 0.5nm 2 /s is shown in Fig.4(b) . R bav xx calculated with D p = 0.07nm 2 /s is closer to the measured R bav xx than the other calculated lines. This value of D p is two orders of magnitude smaller than that shown in Fig.4 (a) . This small value is similar to that reported by Nikolaenko et al. for the GaAs/Al x Ga 1−x As interface of quantum dots [11, 42] . Moreover, it might be explained by the fact that mutual spin flips of the same isotopes are affected by the quadrupole couplings produced by the slight lattice mismatch between the GaAs wells and AlGaAs barriers [29] . and 7.5 × 10 4 s. Consequently, the nuclear-spin relaxation due to nuclear-spin diffusion is much faster than spin lattice relaxation, substantiating the estimation of the nuclear-spin diffusion without the effect of the spin-lattice relaxation.
To investigate the influence of the uniformity of nuclear-spin distribution on nuclear-spin diffusion, R b xx is measured by following the measurement sequence shown in Fig.3(a) for T p = 3600s, at which R b xx is sufficiently saturated. R b xx at various values of t d for T p = 3600s is shown in Fig.4(d) . In a similar manner to that shown in Fig.3(c) , R b xx increases around the SPT as t d increases. R bav xx for T p = 3600s is shown as black squares in the inset of Fig.4(c) . The data were calculated with the same method as that used for calculating the data in 
V. DISCUSSION
As discussed above, our results are different from those presented in Ref. [20] . In our measurement sequences, the nuclear-spin distribution in the two QWs is initialized after every R b xx measurement, and one-shot measurement is performed to exclude hyperfine interaction [30] . The careful experimental sequences used in this study results in slow nuclear-spin diffusion in the perpendicular direction. In addition, when T p is shorter than the time that the longitudinal resistances in the QW are saturated, it is possible to observe nuclear-spin diffusion in the in-plane direction. Consequently, an inhomogeneous nuclear-spin distribution makes it possible to measure in-plane and perpendicular nuclear-spin diffusions simultaneously by using double QWs.
Finally, Domain structures and nuclear-spin diffusion are discussed as follows. The domain size is reportedly 0.5 ∼ 3µm [33] [34] [35] , which is larger than the diffusion length in this experiment, 
VI. SUMMARY
In summary, nuclear-spin diffusion in a double QW was investigated by using resistive detection at ν = 2/3 SPT. From the different time evolutions of longitudinal resistance in polarization and detection QWs, anisotropic nuclear-spin diffusion was clarified. The knowledge of this anisotropy is important to implement nanoscale devices, particularly the future quantum computation based on nuclear spins and electron spins.
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We greatly appreciate K. Muraki and NTT for providing high-quality wafers and fruitful discussions, S. Ichinokura for the sample fabrication, and A. Sawada, M.-H. Nguyen, S. A small bias current is applied to a QW at the SPT to measure the variation of the longitudinal resistance and detect nuclear spin polarization. Because the longitudinal resistance is almost constant when a small current is applied, it was previously reported that a small current does not strongly polarize nuclear spins [20] . Accordingly, in the present study, the influence of multiple measurements on the longitudinal resistance and the nuclear polarization was investigated.
The sequence for measuring the time evolution of the longitudinal resistance at ν = 2/3 SPT in the back QW is described as follows. First, the nuclear spins in the front and back QWs are initialized alternately; at ν = 0.9 and I = 50 nA applied to the front (back) QW for 600 s, nuclear spins in the front (back) QWs are depolarized because of the Goldstone mode of the Skyrmions, and then the back (front) QW is depleted at V bg = −0.8 V (V f g = −1.2 V), similarly to the measurement sequences described in the main text. Subsequently, starting from t = 0 s, the nuclear spins in the front QW are polarized for 400 s by application of I = 50 nA at the ν =2/3 SPT (polarization), and the back QW is depleted during polarization. The increases continuously at all values of T i after the nuclear polarization is terminated. This is the same result as that stated in the main text and in a previous report [20] . However, when the value of T i becomes large, the decrease rate of R bSP T xx reduces. Therefore, R bSP T xx keeps a high value for a longer T i . This result indicates that, although the influence of the measurement on the nuclear spin distribution is negligible for one-shot measurement of longitudinal resistance at a small current, the nuclear Current-induced dynamic nuclear polarization is performed in the front QW under the depletion of the back QW.
